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1, - Introduction |

‘., Tha biological oontemiﬁation of Mars is eromp;ex issue involﬁing
a great variety of'ocientifio, engineering, and oolicylconsiderations.
In many areas the information available is limited. Nonetheless, -
NASA is comuitted to & planning process derived from the 1966 COSPAR
resolution that is baoed on assessment of the probability of planetary
contamination. The tesk facinﬁ the authors in a recént project for
NASA was to oritioize the existing assessment oethodology, develop
approptiate new methodology,.andlapply the methooology to the 1975
Viking‘laoderf*t While the apolication deserves furthet review from the
scieottfic_commpoity,rthe results-indicatera probaoiiity.of contamination
‘well below the miasion cohstraint of lo_a,imposed by ﬁASA. We believe
that the ‘new methodology represents a signifioant adVance over present

NASA practice in assessing the probability of planetary contamination,

2. Review ofngggn—Coleﬁan_épproaoh
The probabiliatic,model of planetary contamination advanced by
Saéan”and Coleman [2] was the stimulus and theoretical foundation for
the 1966 COSPAR resolution. Their procedure used the approkimation
“P(C) = EQV) P(G),

~ where

A detailed discussion of this research is available in the project final
report [1]. ‘



L G H,the event that Mars will be contaminated by terresatrial
organisms aboard the spacecraft
©N = the number of viable terrestrial organisms (VIOs) released to

the Martian environment or into its atmosphere from the

'epeeecraft (a random variable)

' E(N) -Z k P(N=k)}, ehe expected (or mean) number of VIOs released
_ o _
| G m‘the event that a single VIO wiii gfdw, meaning that it would
survive And multiply in the Martian environment.
Thia formula forms the basis for the assessments of the probability
of planetary contamination ag they are currently carried out by HASA.
The most serious problem in the use of the Sagan—Coleman formula
is that P(G) and E(N) have been used to refer to a randomly selected
organism, with no apecification of the type of organism or how and
: whefe 1t‘islint:bduced into the Martian environment. ‘This approach
ignores iﬁﬁortant avallable information and places an exceedingly

difficult task on the sclentific experts who are asked to assign P(G).

By & relatively straightforward extension of the Sageﬁ-Cpleman approach,.

the problem can .be overcome.

‘3. Distinguishing among Organisms

To survive and repreduce on Mars a microbe should be‘facultatively
anaercbic, that is, able to reproduce in the absence of oxygen. ALl
terrestrial life requires water in a usable form., Water usable by

nicrobes is unlikely to exist on Mars at temperatures significantly



6b§v§'0°c._éo thé micfob; should be facultatively psychrophilic, that
is, able to reproducé in a température range of 0°C or below. For

'ouf aﬁalyais we assumed that only orgaﬁisﬁs that are facultatively both
anaeéobic_and.paych;ophilic contribute significantly.to.the probability
of contamina;ion.* |

The‘UfAradiation £lux én tﬁe ﬁartiaﬁ:surfada is.stfong enough to .

kili anyfunprotecfedfterrestrigl microorganisms in minutes. A micro- -
organism imﬁlaﬁﬁed dirgctly into Martian soil will have a far better
chance of aurviving th;n a microbe that.fests for ﬁany days on the
. exterlor surface of the‘spagecraft. We therefqre distinguished

three mechanisms for release qf\orgaﬁismsAinto_the Ma:tigﬁvenvironment:

@ direct implantation of a microbe into Martian soil

e ralease by aeolian erosion; p?esumabiy during a Martian
duat étorm, and
'y release from the surface of the spacecraft into the'Mhrtian_‘
uatmoSQhere_due;tq meghanicgl vibra;ion, the:mal“effects..or, 
other means.
o Dependgnca on landing site was not included‘ip our analysis, but if
future information indicated that the availability,bf usabie water on
Mars variles aignificantlﬁ with the.releaga ;6catibg, the mode1 could

be expanded to include this dependence.

. DR
The importance of organism characteristics was noted six years ago
by Sagan, Leviﬁthal, and ‘Lederberg. [3]



4, New Assessment Methodology.

An qrerview,pf_the.model‘for assessing the'probability of
planetary contamination is shown in Figure 1;- The model is composed
‘of four aubuodele that describe successively (1) the bio-burden on
the Viking Lander, £2) microblal release mecheniems; (3)_transport in
the Mertianrenvironuent; and (4) the resistanee of terrestrial microbes
to the Martian environment end the availability of nutrients needed
for microbial reproduction on Mars. Communication smong the submodels
is through the expected number of VIOs that undergo various epecific
events, such as release from the spacecraft.

The overall output from the model is the expected number of
organisms chet_reprqduce on the planet. Contemination is defined as
reproductieu,on_the plauet by one or more organisms. Since the
expected nuuber.of organisms that reproduce on the pleuet is much less.
than uuity. we can_interpret this output quautity as the‘probatility
nf contamination of Mars. .

The first submodel provides the subsequent aubmodels with the _
number of microorganisms existing on the Viking Lander when'it lands
' on Mars. This biological load is characterized not only by the type
of microorganism but also by its location on the lander Included
in this eubmodel are. the number and type of organisms at‘various
1qcations prior to sterilization, the reduction in biofburden effected
by the_sterilization requiremeuts, pqesible recontamiuetiop, and
‘inereaae or decrease ef the microorganism population during_treusit

to Mars. Assessment of thejprobebility of contaminatiug Mars
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from cdntaﬁinétidn of the bioexperimeﬁts on‘the landef ia'calculated
directly;‘the ccntribﬁtion from this te:m‘is nbt.significant;

TheVRalease Submodel uSeé the bio-burden profile as input. 'Ip
?epreaénts-éxplicitly'the uncertaiﬁty iﬁ the landing mode (hard or
~ soft) and thé feleaaérmechanism: implantation, erosion, or vibration.
The”lethali;y of each mechaniém i3 assessed, and}the number-of VTOs
:éiéased ﬁy eacﬁ mechanism is calculatéd.

Un;ess‘a ﬁic;obe from the lander is directly iﬁplanted in a
hospitable water ﬁicroenvironment, Martian winds or other transport
mechanisms are needed to transport it there. Howevgr, the microbe
may be killed.or immobilized by UV radiation or othgf causes during
transit. These transporf apd_lethaligy processes have been reﬁrésented
by a dynaﬁic frobabiliétic model, specifica;ly,“a Markov‘p;ocess.
Each of thg_th:ee_rglegse machgnismslcorresponds to a sgeparate
starting state in this process. -The output from therTransport Sub-
model is thergxpecﬁed number Of‘VTOS readhing a microenvironﬁané
with usable water. .

| Finallyi given_ﬁhat a VIO has feache& a hoéfitable water
microenvironment, ﬁg examine the cifcuﬁstapces required for itg
reprodu@tioh, ‘The organism must be fgculta:ively'anaerobic and able
rtolreproduce‘at temperatures near or below O‘C, It must also be able
to acquire the'hgtrients‘necessary'fqr reprqduction. Ihe output .
- from the Rgprodgcfion Submodel'ié the number of_ofganisps expected

to reproduce in the Martian environment.



5. Results of the Analysis

Givén the present state of scientific information} the probability
of bioloéical contaminétion by each of the two Viking landers is
L) x‘lo-s. This value is approximately a factor of 16 below the mission
constraint of l‘x 10'5 imposed bj NASA. | |

.Figure 2, which reproduces‘tbe structure of the modgl presented in
‘Figuré 1,':Lndi;ates the crucial variables and the major intermediate
results at each point in the model. The expected number of VIOs trans-
ferred from one submodel to the next ia indicated on each arrow linking
“bhe componenba. Also, the box representing each submodel conﬁains a
list of the criticél variables_pertaining to that part of the model.

..Ano;bgyl;mportgnt result, npb apparent in Figure‘z, is that the

probability of growth of a microbe varies widely with ibé release
mechanism. A VIQ released by implantation is not imhédiately‘exposed
to the UV radlation and haara probab;lity of grow;h cf.2.8 X 10—5.
At the other extreme, a ﬁic:obe released by.erosion.hqat survive
transport in a Martian dust étorm_and is 100 times 1gas?likely'to
grow gnd_repréduce than .a microbg released by implanta:ion; ;ts proba-
bility ongrgwthtis 2.8 x 10_7. _Microbes_released:byi'vibra;;on_havé
an.intérmediate:éhancé_pf surviving. S;ncg théy we:ebinitially located
on exposgd_éurfaces and are relgaseﬁ-in a viable state,_they must
already be ahieldéd from uv radiatioqfr fHowever,;because they fall
on sqrface of bhé Martian soil, théy have less changq of reaching a
ﬁicroanvironment with usable water than do microbgs that are implanted

directly into the soil. The probability of growtb for microbes re-

leased by vibrat;on is about 5.3 x 10-6. These findings,éleérly
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indicate the importance of conditioning the probability of gruwth

on the release mechanism.

6. Insights frcm Sensitivity Analysis

The above reSults reflect the prelent state of ecientifie informe—
tion, which is characterized by large uncerteintiee; The sensitive
vafiablee, fof'whieh the undertainty has a‘significant'effect on the
probability of contamination, are given in Figure 2. -

The_probability of contamination is especially sensitive tertwo
characteristice of the transport submodel: the probability of finding
water on Mars and the lelhality'ef'transporf; The two variables of

' the Reprddﬁcfion Submodel are also critiéel. If growth is to occur:
.(1)‘the microbe must be resistant to the Martian environment;_and (2) .
it must flpd appropriete,eutriee:e. Experimentation ie‘microbiologlcgl .
laboratories could address the questlon of whether diffeﬁeqt micro-
orgeniama surviving the dry heat sterilization cycle could reproduce
:‘in a Martian microenvironment if supplied with usable water and UV
protection. Unfortunately, little attention has been given to this

research until receantly [4].
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7$"Gverail Sensitivity'to Further Information

To determine the sensitivity of the overall assessment to additional :
' information, an approximate calculation wes performed in which 16 of
‘the input veriebles in the a@ssessment model were considered uncertain.
: idditional ieformation would ceuse these inputs to be revised. wé
modeied'the effect of additional information by assigning probabilities
ro rhe'ereotualitf thetrthe variables would take on higher or lower
velues than the nominal values used in arriving at the assessment of

6 x 10-6._ The resulting calculations showed a probability of a few
percent that the eonetreint of 10 -4 might be violated and a probability
of 50 percent thac the probability of contamination would be revised

to less than 10 6-on the basis of the additional information.

8. Conclusion

' We have shown how availeble scientific information can be g

atructured into a model for assessing the probability of contaminétion.r
Ve believe that the use of a formal model as a basis for plenningv
- quarontine policy repreaents a substantial.advance over NASA's current
approach, which relies on the single parameter P(G). By providing a
dereiled struorural basis for assessing the probability of ﬁicrobial
growth, the model facilitates critical review and revision by the’
,oommﬁnify of seientiots concerned with‘pianetery querantine;

_ We have recommended to NASA that the current procedure of derer—

ﬁining mission sterilization requirements on the basis of a single '

probability of growrh beﬁreplaced by & procedure that disringuisbes
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among types of organisms,fﬁypes of releaée mechanisms, and other
cha;gétéfiétics.that-affect wﬁether anlorganiamrrgleaséd‘frpm a
spacecraft will réproducé in the environment of another planet.
Impbrtant decisioﬁs‘will be made in thé cdmipg yea:é about
_ missions to.the outer planets and the return of a surface sample
ierm Mars: it wﬁuld be highly desifable to have a cqmprehepaive
'deéiéibn framework to address the question of quarantiﬁe strategy.
Tﬁé:auitability of decision aﬂglysié concepts to the quarantine
. problem has already been pointed'out [2]; the methodology énd pro-
qe@u;esrhave beén applied £p gimilar cqmp;eg;prob}ems in_épace'
p:oject plgnhipgﬂ{S]. [6]..[7j,_and 6;her_1a;ge~s;a1e sciéntific
réaearch‘prgg;ams_talf ‘ihg formqlatipn should make éxplicit the
1ntefactiqn befveen ﬁuaraptine procedures and spacecraft cost.and
| raliaﬁility, value judgmenta about ﬁicrpbial proliferation, and

thq‘goals of the planetary gxplorationfprogram;
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